International real business cycle (IRBC) models predict a real exchange rate volatility that is much lower than the levels observed in the data. In this paper, we build a two-country IRBC model with both a traded and a non-traded goods sector, and calibrate it to UK-euro area (EA) data. We provide evidence on the existence of a cointegrating relationship between UK and EA traded sector total factor productivity (TFP) by estimating a vector error correction model (VECM). To account for this relationship, we incorporate non-stationary technology shocks in the traded sectors in our model, and show that then the model is able to match the observed volatility of the UK-EA real exchange rate. Our analysis points out that both the presence of non-traded sectors and non-stationary technology shocks are necessary to account for the observed volatility in the real exchange rate.
Introduction
Empirical evidence shows that international relative prices display large movements over the business cycle. This can be seen in Figure 1 , in which we plot volatility in terms of annual demeaned UK real eective exchange rate and real GDP growth rate. It is evident from the gure that the real eective exchange rate series exhibits much higher volatility than the real GDP series. Even in periods of higher GDP volatility, the real exchange rate (RER) displays large swings. Note: The gure shows annual demeaned growth rates of the UK real eective exchange rate (REER) and real GDP for the period from 1982 to 2016. An increase in the REER corresponds to a depreciation.
Accounting for the high volatility of the RER has become a well-known puzzle in the international macro literature as standard open economy general equilibrium models produce a RER volatility that is much lower than the levels observed in the data. In this paper, we analyse the real world importance of non-traded goods and cointegrated technology shocks to address the volatility of the sterling pound-euro real exchange rate. We present empirical evidence on the cointegrating relationship between UK and euro area (EA) traded sector TFP using data from the EU-KLEMS database 1 . We show that both series adjust symmetrically towards their common trend path and that the speed of adjustment is relatively slow. This has important implications for the model, because the slow adjustment introduces large wealth eects, which translate into higher RER volatility 2 .
We also introduce a role for non-traded goods in our theoretical framework given the signicant importance of non-traded goods 3 . In fact, when we look at input-output tables, the share of non-traded goods in total consumption is greater than the traded goods consumption (69% in the UK in 2014) 4 . The large weight of non-traded goods in total consumption implies a high weight of the non-traded goods prices in the CPI. This then means that movements in the prices of non-traded goods will increase the variability of the RER.
We build a two-country, two-sector general equilibrium model with nontraded goods and incomplete international nancial markets and assess the model performance in comparison with the UK and EA data. We introduce stationary non-traded sector productivity shocks and cointegrated traded sector productivity shocks and calibrate them directly from the data. The main theoretical contribution of this paper is to introduce non-stationary shocks in a multi-sector general equilibrium framework that is consistent with balanced growth. The existence of a balanced growth path is conditional on the existence of a common trend across non-stationary traded sector productivities and on the assumption of Cobb-Douglas aggregation between non-traded and traded goods consumption. Our model closely follows the model presented by Rabanal et al. (2011) , who introduce cointegrated technology shocks in a standard two-country model with only tradable goods and show that a model with cointegrated productivity innovations delivers higher RER volatility when compared with a 1 In our estimation of technology processes we use the TFP data directly from the EU-KLEMS database rather than relying on the Solow residuals. 2 We acknowledge that during the sample period we focus on, the UK economy was hit by several other type of shocks (e.g. ERM crisis, 2008 nancial crisis, Brexit) which caused uctuations in the RER. However, even between those episodes, the volatility of the RER was evidently higher than the volatility of real GDP. We investigate whether these uctuations can be explained by non-stationary TFP improvements that are motivated by direct empirical evidence.
stationary model 5 , 6 . We extend their model by introducing a non-traded goods sector which then has important implications for the RER uctuations through the variation in non-traded good prices. Movements in non-traded good prices arise through two channels: First, the existence of non-traded sector productivity shocks cause changes in the relative price of non-traded goods to traded goods and hence in the RER. Second, since labour is mobile across sectors, a productivity improvement in one sector not only aects the prices of the sector where the shock originates but also aects the other sector through uctuations in wages (Balassa-Samuelson eect).
We nd that the model is able to match the RER volatility once it is augmented by non-traded goods and non-stationary technology shocks even with a trade elasticity greater than one 7 . We also show that each of these two channels increases the model generated RER volatility and that the presence of both of these channels are necessary to match the observed RER volatility quantitatively. The volatility of RER relative to output in data is 6.75 and it is equal to 6.23 in the model. Our model also performs reasonably well in matching the correlation of the RER with relative consumption and GDP.
The explanation of this improvement is related to the wealth channels in our model. The non-stationary traded sector shock in our model is cointegrated across countries, implying that, in the long run, traded sectors of the two countries carry the same trend. Generally, global shocks reduce the volatility of international variables as they cannot be insured away by countries. However, our estimations from the VECM deliver a very low speed of adjustment to the common trend, generating signicant wealth eects. When a country experiences an improvement in its traded sector productivity, the impact will be very persistent in the country where the shock originates, and the other country's adjustment to that shock will be very slow. For instance, if the home economy faces a persistent productivity improvement in its traded sector, as a result of consumption smoothing motives, the demand for home produced goods will increase by more than the production causing an increase in its price. The larger the persistence the bigger the dierence between output and demand will be.
Therefore, the slow arrival of the productivity improvement causes larger uctuations in prices. This wealth eect is also amplied by the theoretical set-up we 5 They estimate a VECM model for the US and the rest of the world data. 6 Similarly to Rabanal et al. (2011 ), Mandelman et al. (2011 introduce cointegrated investment specic technology shocks to a standard international real business cycle (IRBC) model. 7 The lower the trade elasticity, the higher the terms of trade volatility will be. With high degrees of home bias, this terms of trade volatility will increase the RER volatility, too.
present. The existence of high non-traded goods consumption and incomplete international asset market structure further increase the obtained RER volatility. As a consequence of the high weight of non-traded goods in the consumption basket, changes in the productivity cause large variations in the relative price of non-traded goods across countries. As our model follows the paper by Rabanal et al. (2011) it is worth noting the dierence with their framework. The volatility of RER in their framework increases as a consequence of three important channels: persistence of the non-stationary shock, high degrees of home bias and low trade elasticity. Unlike our setting, they calibrate the trade elasticity to a value lower than one, as they argue this is necessary to match the RER volatility in their model. This is not the case in our paper because our VECM estimates imply higher persistence than the estimates of Rabanal et al. (2011) and the non-traded goods have a large share in aggregate consumption. These features then help match the observed RER volatility without having to calibrate the trade elasticity to a value that is less than one, given that the micro-estimates of trade elasticity is found to be higher than one 8 .
Our paper relates to the international business cycle literature that analyses the RER dynamics. Many papers in the literature focus on the role of nontraded goods to study puzzles in international macro as we do for example, Stockman and Tesar (1995) or Rabanal and Tuesta (2013) . Importantly, Dotsey and Duarte (2008) argue that the presence of non-traded goods helps to increase the model generated RER volatility. In their sample the RER volatility is around 3 times as large as the output volatility. They show that a model that incorporates non-traded goods produces a RER volatility that is 1.5 times as volatile as output and that once the non-traded goods sector is eliminated, this value reduces to 1.16. Our ndings conrm the importance of non-traded goods but we emphasize that merely incorporating non-traded goods is not sucient to address RER volatility. There are other papers that stress the role of other channels such as the exchange rate pass through or the international asset market structure see Chari et al. (2002) , Heathcote and Perri (2002), Rabanal and Tuesta (2010) , amongst others. Although these papers study RER volatility, they focus on the US exchange rate dynamics. Benigno and Thoenissen (2003) on the other hand, examine UK-EA RER dynamics as we do. Unlike our paper, they investigate the transmission of productivity shocks to the RER and its components rather than its variance within a rich theoretical framework that incorporates non-traded goods and nominal rigidities 9 .
8 See, for instance Imbs and Mejean (2015) . 9 More recent literature on the exchange rate uctuations focuses on dierent aspects.
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The remainder of the paper is organised as follows: In the next section we present the model. In Section 3 we lay out the estimation of the productivity shocks and provide evidence on the cointegrating relationship. In Section 4 we describe the parameterization of the remaining parameters. In Section 5 we discuss the performance of our model by comparing data and model moments and in Section 6 we provide provide possible explanations for our ndings by performing sensitivity checks for the key parameters of the model. Finally, in Section 8 we conclude. There is a detailed technical appendix in which we show the de-trending of the model and the log-linearised system of equations.
The Model
In this section, we present a two-country, two-sector IRBC model with traded and non-traded goods. The two countries, home and foreign, are assumed to dier in population size, n and 1 − n, and consist of identical, innitely lived households. Households can consume non-traded goods, domestically produced traded goods and imported goods. We assume that international nancial markets are incomplete in the sense that households can trade non-state-contingent claims. The formulation of technological shocks diers in our model from a standard two-sector IRBC model. We assume that productivity innovations in traded sectors have permanent eects while the innovations in non-traded sectors are purely transitory. For the traded sector, as in Mandelman et al. (2011) and Rabanal et al. (2011) , we consider permanent technology shocks that are co-integrated across countries. We will denote the foreign country variables with an asterisk (*).
Households
The preferences over intertemporal decisions are identical across countries, thus we only present the utility maximisation problem of the representative home country household. The representative household, i, receives utility from consumption, C i t , and disutility from producing goods, L i t . We assume that the utility function is separable in these two arguments and is given by:
For instance, Heyerdahl-Larsen (2014) emphasise the role of deep habits in consumption and consumption home bias in accounting for the RER volatility, while Farhi and Gabaix (2016) show that a model that incorporates the possibility of rare but extreme disasters can address the excess volatility of exchange rates.
where E t denotes the expectations operator at time t, β is the discount factor and the parameter η is the inverse of the Frisch elasticity of labour supply. Given the presence of permanent shocks in the model, we ensure a balanced growth path by assuming log consumption utility 10 .
The international asset markets are assumed to be incomplete. Following
Benigno (2001), we assume that only the foreign issued bonds can be traded internationally although households in the home country can hold domestically issued bonds as well. We assume that households in the home country have to pay a cost in order to engage in a foreign asset market transaction. This cost, Θ(.), ensures the stationary distribution of wealth across countries 11 (see, Schmitt-Grohe and Uribe, 2003) . Households nance their expenditure through the holdings of these bonds in addition to the labour income and dividend payments from the ownership of shares of domestic rms. Households maximise the utility, Equation (1), subject to the following real budget constraint (measured in the units of CPI):
where B i H,t and B i F,t are household i's holdings of the home and foreign currency denominated real risk-free bonds. The real interest rate on these bonds at time t are r t and r * t respectively. Q t is the real exchange rate expressed as Q t = St P * t Pt and S t is the nominal exchange rate dened as the home currency price of buying one unit of foreign currency. w i t is the real wage and Π i t is the real prot income. This maximisation yields the following equilibrium conditions:
10 See, King et al. (1988) for a discussion about the necessary restrictions on preferences for the existence of a balanced growth path.
11 Θ(.) is a dierentiable decreasing function in the neighbourhood of the steady state level of net foreign assets (B F,t = 0) and at the steady state net foreign asset level, the cost function is equal to 1 (Θ(0) = 1). These restrictions ensure a well-dened steady state. See Benigno (2001) for details.
Final Goods Sectors
Final goods consumption consists of non-traded, (C N,t ), and traded goods, (C T,t ). We assume that the consumption index has a Cobb-Douglas functional form. Admittedly, Cobb-Douglas aggregation is much more restrictive than a CES. However, since in the model set-up there is a permanent and a stationary shock, an elasticity of substitution between traded and non-traded goods that is dierent from one would result in a nonstationary distribution of sector sizes 12 .
The aggregate consumption can be expressed in the following way in the home and foreign country respectively:
where α and α * are the expenditure share of traded goods in total consumption in the home and foreign country respectively. Consumption of traded goods is a CES aggregate of domestically produced goods and imported goods:
where θ is the elasticity of substitution between home and foreign produced goods and ν, ν * is the weight of domestically produced goods. When ν and ν * are greater than 0.5, households put a higher weight on domestically produced goods, implying a 'home bias' in preferences. The parameter that determines the share of imported goods in the traded consumption basket is proportional to the size of the importing country and the degree of openness, µ: 1−ν = (1−n) µ and 1 − ν * = n µ.
13
Final goods producers maximise the aggregate and traded consumption subject to nominal expenditure. This yields the following optimal demand functions:
12 Yet assuming that the elasticity of substitution between traded and non-traded goods as one, is not far from some of its calibrations in the literature. For instance, Corsetti et al. (2008) calibrate the elasticity of substitution between traded and non-traded goods to 0.74. 13 See, De Paoli (2009) for a similar preference structure.
and
We measure all prices relative to the CPI of the corresponding country: P j,t P t = P j,t where j = N, T, H, F and P * j,t
The corresponding price indices are:
We assume that the law of one price (LoOP) holds in the sense that prices are set in the currency of the producer: P F,t = Q t P * F,t and P * H,t = P H,t /Q t .
Intermediate Goods Sectors
Firms in the intermediate goods sectors produce non-traded and traded goods using labour as the production factor. Non-traded intermediate goods producers sell their goods to the domestic nal good producers to be consumed only by domestic households, while traded intermediate goods producers sell their goods to the domestic nal goods producers to be consumed by home and foreign households. Production in each industry has a constant returns to scale functional form:
where j = H, F * , N, N * . Y j,t is the output, A j,t is the exogenous technology shock, L j,t is the total labour employed in the respective sector and country.
The technology in non-traded sectors has the following stochastic processes:
where
Technology in the traded sectors, on the other hand, is assumed to be nonstationary. We explain the functional form of the traded sectors later when we estimate the TFP processes.
Market Clearing and the Current Account
We close the model with market clearing conditions. The goods market clearing conditions are:
Labour is mobile across sectors but not across countries:
We measure the total output in terms of CPI since we choose CPI as the numeraire:
Finally, the current account dynamics of the home economy can be written as:
Notice that the right hand side of the current account equation is equal to the trade balance of the home economy. We measure it as a ratio of GDP:
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Estimation of Productivity Shocks
In this section, we describe the estimation of TFP processes in each sector and country that we use to calibrate our model. We calibrate the model to the UK and EA (denoted by an asterisk (*)) data and assume that the UK is the home country.
We compute the sectoral TFP series using the data from the EU-KLEMS The following analysis is based on the assumption that (log) TFP processes of traded sectors are co-integrated in such a way that they follow the same stochastic trend. As mentioned earlier, Mandelman et al. (2011) and Rabanal et al. (2011) nd such a behaviour for TFP processes derived from the Solowresidual between the US and the rest of the world. However, the series derived from the EU-KLEMS data, which are plotted in Figure ( 2), also suggest that traded TFP sectors of the UK and EA follow a strong positive common trend.
At the same time, the TFP processes of non-traded sectors remain roughly at the same level. This can be explained using a classic textbook example: Today, the hairdressers still cut hair using the same methods as 30 years ago.
In order to test for a cointegrating relationship between the traded sector (log) TFP processes, we estimate an unrestricted VAR model with a constant and time-trend for both variables. For this model, the Schwarz criterion (SC)
suggests a lag order of 1. Afterwards, we test for a cointegrating relation between both series using the Johansen (1991) test. In accordance with Mandelman et al. (2011) and Rabanal et al. (2011) , we thus estimate an unrestricted VECM with the specication 14 Namely, these sectors are electricity, gas and water; construction; wholesale and retail trade; hotels and restaurants; transport and storage; real estate, renting and business activities and nally community, social and personal services. 
where A(s t ) and A * (s t ) denote the home and foreign traded sector TFP processes, respectively. c and c * represent constant terms. The coecients representing the speed of adjustment in the cointegrating vector are denoted by κ and κ * . Without loss of generality, the cointegrating vector is dened as
(1, −γ). ζ denotes a constant term in the cointegrating relationship. The error terms are (s t ) ∼ N (0, σ ) and
In order to test for symmetry across coecients driving the traded sector TFP processes, we test the restrictions γ = 1 and κ = −κ * sequentially. 15 The rst restriction (γ = 1) implies that the log dierence between both traded sector TFP processes is stationary. Hence, they follow the same trend. The second restriction (κ = −κ * ) tests whether the speed of adjustment towards the common trend is equal across countries. Table ( 2) presents the results of the likelihood ratio tests for dierent specications. Neither the assumption that the cointegrating vector is (1, −1), nor the assumption that κ = −κ * is rejected by the data. Consequently, the data does not reject the assumption of the common balanced growth path between both regions. 
Hence, we estimate the VECM model and impose the symmetry restrictions which the IRBC literature suggests (Mandelman et al. (2011) and Rabanal et al. (2011)) . Table ( 3) shows the coecient estimates as well as the corresponding t-statistics. All coecients are statistically signicant. The coecient κ = 0.12 implies that the (log) traded sector TFP series adjust by approx. 12% towards their common trend within one year. The corresponding cointegration relationship is plotted in Figure ( 3). We also test whether (s t ) and * (s t )
are uncorrelated. The t-statistic of 1.30 suggests that the correlation is not statistically dierent from zero. Therefore, we abstract from potential crosscorrelation in the model.
The country-specic processes of (log) non-traded sector TFP are modeled as univariate AR (1) processes. 16 The estimated autoregressive coecients are ρ N a = 0.85 for the UK and ρ N * a = 0.87 for the EA. 15 For a detailed discussion of tests with regard to symmetry across countries in a cointegrated VAR environment we refer the reader to Krolzig and Heinlein (2013) . 16 We also considered a VAR(1)-process, but the diagonal entries of the loading matrix (spillovers) were not statistically dierent from zero. Results are available upon request. 
Cointegrating relation
Note: The gure shows the (stationary) cointegrating relation between the UK and EA traded sector TFP series.
Parameterization
Calibration of the remaining parameters is shown in Table 4 . Since we work with annual data, we calibrate the discount factor, β, to 0.96 which implies an interest rate of 4% per annum. We assume that the inverse Frisch elasticity of the labour supply is equal to 2 in accordance with the DSGE literature. We calibrate the country size to match the population share of the two countries 17 .
Following Benigno (2001), we set the value of the cost of intermediation in the foreign asset markets to 0.001. The elasticity of substitution between the home and foreign produced traded goods is assumed to be equal to 1.5 (see or Chari et al. (2002) ).
To calculate the share of traded goods in total consumption basket, α, and 17 We obtain the population data from EUROSTAT. We use the total population of age 16-65. Timmer et al. (2015) ). We use the consumption shares of 2011 as this is the latest available data for the EA 18 . We make the same sectoral assumption as for the estimation of sectoral TFP's. For the traded sector, we take the sum of nal expenditure on agriculture, mining, manufacturing and nancial intermediation.
We consider both the domestic and import demand for these sectors. For the rest of the sectors, we calculate the expenditure on non-traded goods by only considering the expenditure on domestically produced nal goods. We nd that the share of non-traded goods is equal to 0.64 in the UK and 0.66 in the EA. To ensure that the share is the same across the countries, we x this parameter to 0.66. To calculate the degree of openness, we use the share of import expenditure in total traded goods expenditure. We nd that the µ = 0.29 and µ * = 0.25.
The size adjusted shares in the data are then: 1 − ν = 0.25, 1 − ν * = 0.03.
We set the degree of openness to 0.28 so that we match the size adjusted data shares as closely as possible: 1 − ν = 0.238, 1 − ν * = 0.042. This calibration implies that UK is much more open to trade compared with the EA.
We will conduct a sensitivity analysis for the value of the trade elasticity and the consumption share of non-traded goods since these parameters are important for the RER dynamics.
Quantitative Properties
In this section, we analyse the performance of our model in terms of matching the second order moments of the data with a special focus on the RER volatility.
As our model is non-stationary, we de-trend the non-stationary variables and work with a stationarised model. The de-trending of the model can be found in Appendix A. We log-linearise the de-trended model around the steady state.
The log-linearised system of equations are listed in Appendix B.
We report the quantitative properties of the data and model in Table 5 .
We compute the moments of the data by assuming that the UK is the home country and the EA is the foreign country. the standard deviation of home and foreign traded sector TFPs such that we match the GDP volatility of home and foreign country delivered by the non-stationary model. We do not attempt to match the output volatility for the exercise where we change the trade elasticity. Given our interest in the business cycle uctuations we HP-lter the consumption and the GDP data 22 . We keep the RER and the trade balance to GDP ratio in levels since these variables are stationary in the theoretical framework. To map the model generated moments with the data, we simulate our model and add back the stochastic trends of 19 The bilateral trade balance data is only available in nominal terms. This does not cause a problem in terms of the mapping between the data and model because once we divide the nominal trade balance to nominal UK GDP what we obtain is observationally equivalent to Equation (27) . 20 We calibrate the non-traded sector TFP shocks as in our benchmark calibration since they are already stationary. We choose 0.88 as the AR(1) parameter of traded sector TFP shocks. This value implies a signicant persistence in accordance with their calibration in the IRBC literature. The rest of the parameters are equivalent to those presented in Table 4 . 21 We set the share of traded goods, α, to 0.999 in order to exclude non-traded goods from the model. 22 We use 100 for the smoothing parameter of the HP-lter as suggested by Backus et al. (1992) . the trended variables to the simulated data. As we did for the actual data, we HP-lter those variables 23 . Note: Standard deviations of all the variables are reported relative to the standard deviation of the UK GDP except for the trade balance to GDP ratio. As the trade balance is already measured as a ratio of GDP, we report its standard deviation directly. EA variables are shown with an asterisk. All the data is in logs except for the TB/Y. The computed data statistics are based on HP-ltered annual data for the period 1982-2007 with the exception of the real exchange rate and the trade balance. These variables are kept in levels since they are stationary in the model.
The benchmark model with co-integrated shocks performs signicantly well in accounting for the volatility of the RER. In our sample the RER is 6.75 times as volatile as the UK GDP. This volatility is 6.23 in our model, which is very close to the data. On the other hand, when the permanent shocks or the non-traded goods sectors are eliminated from the theoretical set-up, models are not able to generate sucient volatility only 2.83 times as large as the GDP volatility in the stationary model and 1.32 times as large as the GDP volatility in the 23 We simulated the model for 2000 periods and we discarded the rst 1000 periods.
model without the non-traded sector. In our benchmark model, there are several channels that generate wealth eects and help to increase the volatility of the RER. The combined eect of the slow speed of adjustment in the co-integrated process, the incomplete asset market setting and the high share of non-traded goods in the aggregate consumption basket raises the RER variation. Although the trade elasticity is calibrated to a value higher than 1 (θ = 1.5), which reduces the terms of trade volatility and thus the RER volatility too, our benchmark model matches the observed RER volatility almost perfectly. In fact, once the trade elasticity is lowered to 0.85, the model over-predicts the volatility; the RER is 15 times more volatile than the GDP. We conduct a robustness analysis in the next section on the value of elasticity of substitution between home and foreign produced goods in order to obtain a deeper interpretation of the results.
The improvement in our model's ability to account for the RER volatility is related to the inclusion of both co-integrated TFP shocks and non-traded sectors. The non-stationary traded sector shock in our model is cointegrated across countries implying that, in the long run, traded sectors of the two countries carry the same trend. Generally, global shocks reduce the volatility of international variables as they cannot be insured away by countries. However, since the estimated convergence parameter is very low, when one country experiences a TFP improvement in its traded sector, the other country's traded sector technology process will adjust to that at a very slow speed. This shock thus generates signicant wealth eects. The improvement in the model's ability to address the high volatility of the RER has already been emphasised by Rabanal et al. (2011) . A model that incorporates co-integrated productivity shocks performs better than a standard IRBC in terms of RER volatility. We discuss the dierences in our ndings with Rabanal et al. (2011) in the next section where we interpret our results more in detail.
Standard international RBC models fail to account for the negative correlation between the RER and the relative consumption. The lack of international risk sharing is labelled as the consumption-real exchange rate anomaly by Chari et al. (2002) and is also known as the Backus-Smith puzzle (see Backus and Smith (1993) ). In our sample, the sign of this correlation is positive but it is very close to zero. Our model does signicantly well in matching this correlation. The combination of wealth channels in the theoretical framework, which is amplied by the low adjustment parameter of the co-integrated shock, breaks the link between the RER and the relative consumption. The benchmark model also outperforms the stationary model and the model without non-traded goods in terms of addressing the correlation of the RER with output. In the data, the RER is counter-cyclical but the value is very close to zero. Although our model does not deliver the correct sign, it generates a correlation that is very close to zero as it is in the data. Once we lower the trade elasticity to 0.85, the model predicts a negative correlation between the RER and output; however, this value is almost equal to zero (-0.008).
Overall, our model performs relatively well in accounting for the volatility of the RER and its correlation with relative consumption and GDP as discussed.
However, it fails to match the data in other dimensions. Having a non-stationary shock helps increasing the volatility of the RER, but it comes at the cost of excess volatility in trade balance. While the benchmark model and the model without non-traded goods over-predict the variation in the trade balance, the stationary model under-predicts it. The wealth eects arising from the shock structure increase the volatility of the trade balance. The relative consumption volatility in our sample is above one (1.3). In the theoretical set-up, including a non-traded sector raises the volatility of consumption relative to output, yet our model delivers a consumption volatility that is lower than one (0.91). In terms of matching the persistence of variables, all models fail. They generate too much persistence in international variables and too little in real variables. Finally, even though including a non-stationary shock to the model improves the model performance in several dimensions, our model still generates unrealistic crosscountry consumption and output correlations. The reason is that the estimated slow speed of adjustment to the traded sector non-stationary shock reduces the cross-country correlations signicantly despite the fact that this shock is common across countries. In our framework, we avoid including ad hoc shock correlations in order to generate higher co-movement.
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Interpretation of Key Results
The Role of the Non-traded Goods Sector
Our analysis shows that, once the non-traded sector is excluded from the theoretical framework, the model fails to generate sucient RER volatility. In order to provide a better understanding of the importance of non-traded goods, we simulate the model by varying the share of traded goods (α) from 0.1 to 0.9 with 0.1 intervals. Figure 4 shows the RER volatility obtained from each simulation once we vary the share of non-traded goods (1 − α). It is evident from the gure that the higher the share of non-traded goods (the lower the share of traded goods) in the total consumption basket, the higher the volatility of the RER. The presence of cointegrated TFP shocks with high persistence is not sucient to generate the correct RER volatility. However, combining these shocks with non-traded goods consumption that is directly calibrated from the data improves the model performance signicantly. The larger the share of non-traded goods in the total consumption basket, the larger the weight of the non-traded good prices in the CPI. This implies that movements in the prices of non-traded goods will increase the RER variability. The variation in non-traded good prices arises through two channels:
First, the existence of non-traded sector productivity shocks cause variations in the relative price of non-traded goods to traded goods and hence in the RER.
Second, since labour is mobile across sectors, a productivity improvement in one sector does not aect only the prices of the sector in which the shock originates (Balassa-Samuelson eect). A TFP shock that originates in the traded sector may result in large uctuations in non-traded good prices when the consumption share of non-traded goods is suciently large. This thus raises the volatility of the RER. In fact, when we shut down the non-traded sector TFP shocks in our benchmark model, the volatility of the RER increases to 7.49. This is because the productivity of the traded sector increases without an increase in the pro-ductivity of the non-traded sector. This generates larger variations in the RER through the Balassa-Samuelson eect 24 .
The Role of Trade Elasticity
The volatility of terms of trade is related to the value of the elasticity of substitution between home and foreign produced goods (θ). The higher the home bias in preferences, the higher the correlation of the RER with the terms of trade.
An elasticity that is smaller increases the terms of trade volatility and in the presence of home bias this also causes large movements in the RER too. We check the importance of the value of the trade elasticity for the RER volatility by simulating the model for a range of values from 0.8 to 2 with 0.1 intervals.
We plot the corresponding RER volatility to each simulation in Figure 5 . In our model, the high consumption share of non-traded goods combined 24 In our model, a productivity improvement in the home traded sector causes wages to increase by more than the TFP improvement and hence generates an increase in the price of home produced traded goods (terms of trade improve, i.e. the relative price of imports to exports falls). The decreasing eect of terms of trade on the RER is amplied by an increase in the non-traded good prices implying an increase in the RER volatility.
with the slow speed of adjustment to the common trend is sucient to generate the observed RER volatility. As discussed before, Figure 5 shows that an elasticity lower than one causes the model to over-predict the RER variability.
Even with an elasticity equal to 2, the model generates an RER volatility that is very close to 5. This value is signicantly large compared with the ndings in the literature. For instance, Rabanal et al. (2011) can account for the volatility of the RER through a slow convergence to the cointegrating relationship (as in our case) only when combined with an elasticity that is lower than one. Their model requires high degrees of home bias along with a trade elasticity that is lower than one to be able to match the RER volatility. This is not the case in our model due to two reasons: First, our estimates of VECM imply higher persistence than the estimates of Rabanal et al. (2011) and second, the non-traded goods have a large share in aggregate consumption. These then help match the observed RER volatility.
Conclusion
The inability of international RBC models to match the real exchange rate volatility has become a well-known puzzle in the international macro literature.
The real exchange rate is much more volatile in the data compared to what we obtain from our models. In this paper, we analyse the importance of non-traded goods and cointegrated TFP shocks in accounting for the UK-EA real exchange rate volatility. The analysis is motivated by two key empirical facts: First, nontraded goods have a large share in the total consumption basket and second, the UK and EA traded sector productivities carry the same trend in the long run. We provide direct evidence on the cointegrating relationship by estimating a VECM.
We show that incorporating non-stationary technology shocks along with non-traded goods sectors increases the model generated real exchange rate volatility substantially. Our analysis points out that none of these channels are sucient enough to account for the observed volatility without the other.
These channels also help to match the correlation of the real exchange rate with relative consumption and output. The improvement in our model's performance is a consequence of the wealth eects that arise from the high share of non-traded goods in the consumption basket and the estimated slow speed of adjustment to the common trend.
Appendices
Appendix A Stationarised Model
In this Appendix we present the de-trended system of equations since we work with a stationary model. We normalise trended variables with the corresponding
Then the de-trended system of equations for the home economy are:
(A.8) 25 Since we assume symmetry between the preference parameters of the home and foreign countries in our calibration, here we impose α * = α. This assumption ensures a stationary system of equations along the balanced growth path.
The normalised equilibrium conditions for the foreign country are as follows: where the over-bars denote the steady state values. In the steady state, we assume that all relative prices and the real wages are equal to one. Given the zero net initial asset position: Y = Y * = C = C * = L = L * = 1. We then solve for the rest of the steady state relationships using the symmetry between the preference structure of home and foreign countries 26 : C T = C * T = α, C F = (1 − ν) α, C * H = (1 − ν * ) α, C H = ν α, C * F = ν * α, C N = C * N = 1 − α,
a N,t = ρ a N a N,t−1 + ε a N ,t (B.33) 
Appendix C Data
We obtain growth rates for UK and EA annual real GDP as well as real consumption from the World Bank WDI database and transform them into indexes. The logarithms of these indexes are then detrended using the HP-lter (λ = 100).
Annual nominal exchange rates (annual averages) for the euro and the pound sterling vis-à-vis the US dollar are obtained from the BIS database and converted to the GBP/EUR rate. In order to compute the bilateral real exchange rate, we employ (annual) CPI indexes for the UK and EA from Deutsche Bundesbank sources. For our analysis the logarithm of the real exchange rate is applied.
Data for the bilateral trade balance stems from the IMF Directions of Trade Statistics database. We compute the dierence between annual UK exports to the EA (in million USD) and UK imports from the EA (in million USD) and multiply by the GBP/USD rate. Afterwards, we normalise the trade balance by nominal UK GDP, obtained from the Oce for National Statistics.
26 In steady state:
